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Abstract. The effects of lunar surface roughness, on both small and large scales, on Askaryan radio pulses generated by
particle cascades beneath the lunar surface has never been fully estimated. Surface roughness affects the chances of a pulse
escaping the lunar surface, its coherency, and the characteristic detection geometry. It will affect the expected signal shape,
the relative utility of different frequency bands, the telescope pointing positions on the lunar disk, and most fundamentally,
the chances of detecting the known UHE cosmic ray and any prospective UHE neutrino flux. Near-future radio-telescopes
such as FAST and the SKA promise to be able to detect the flux of cosmic rays, and it is critical that surface roughness be
treated appropriately in simulations. of the lunar Askaryan technique. In this contribution, a facet model for lunar surface
roughness is combined with a method to propagate coherent radio pulses through boundaries to estimate the full effects of
lunar surface roughness on neutrino-detection probabilities. The method is able to produce pulses from parameterised particle
cascades beneath the lunar surface as would be viewed by an observer at Earth, including all polarisation and coherency
effects. Results from this calculation are presented for both characteristic cosmic ray and neutrino cascades, and estimates of
the effects mentioned above - particularly signal shape, frequency-dependence, and sensitivity - are presented.
Keywords: radio detection, cosmic rays, neutrinos, Moon
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1. INTRODUCTION
All current [1, 2] and future [3, 4, 5] experiments aiming to use the upper lunar surface layers as a medium for
ultra-high-energy (UHE) particle detection via the Askaryan effect involve observing the Moon from large distances,
either via satellite, or from the Earth itself. While Askaryan pulses are characterised by their broadband coherence,
linear polarisation, and very short duration, any pulses of radiation which might be detected by these experiments
must first pass through the rough lunar surface. Current models of the transmission process, as used in simulations to
estimate experimental sensitivity [2, 6, 7, 8, 9], only deal with the large-scale effects of surface roughness in refracting
a pulse. It has also recently been shown that the lunar Askaryan technique will be sensitive to cosmic-ray interactions
[10, 11], and consequently these particles have become the target of proposed experiments with the SKA [3] — yet
previous estimates of lunar surface roughness effects have only modelled neutrino interactions [12, 7]. The goal of this
contribution is to address this issue.
A toy model of a 100 EeV hadronic cascade is developed in Sec. 2, and its radio-emission in an infinite medium
compared to that from theoretical parameterisations. This source model is then used as input to the simulation
chain described by James [12]: briefly, radiation from this cascade is calculated according the Zas et al. [13], using
characteristic dielectric properties of the Moon [14]. Artificial lunar surfaces are generated according to Shepard et al.
[15], with transmission through surface facets based on the methods of Stratton and Chu [16]. In Sec. 3, the application
of this code to near-surface cascades is tested against theoretical expectations, while in Sec. 4, some sample Askaryan
pulses are produced, and their properties analysed, to determine the feasibility of cosmic-ray detection using the lunar
Askaryan technique.
2. MODEL OF PARTICLE CASCADES AND RADIO EMISSION
The only simulations of the radio-emission from particle cascades in lunar regolith have been performed by Alvarez-
Muñiz et al. [17], using the ‘ZHS’ code [13]. This code simulates the full 4D behaviour of cascade particles; while the
output is only valid in the far-field of the source, correct results can be attained by breaking up the particle-tracks into
a sufficiently small number of sub-tracks, up to a very-near-field limit [18].
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FIGURE 1. (left) Red: leptonic (e−+ e+) profile of a 100 PeV cascade in ice [21]; green: a 43-step fit to the profile; blue: the
excess tracklength (e−− e+) profile of the scaled 100 EeV lunar cascade, reduced by 103 for clarity; and pink: the 3 m boxcar
profile used in previous simulations. (right) Angular spectrum of radiation produced in regolith by the ‘lunar cascade’ and ‘boxcar
functions’, compared to theoretical predictions [21, 7].
While using a full 4D cascade as input to the roughness calculation of James [12] is computationally prohibitive,
it has also been noted by Alvarez-Muñiz et al. [19] that, due to the much greater longitudinal than lateral dimensions
of a cascade, applying the radiation calculations of Zas et al. [13] to the longitudinal excess-charge distribution in a
cascade produces the observed emission everywhere except very near to the Cherenkov angle, where the lateral extent
of the cascade becomes important. Such a calculation is known as the 1D approximation. In this work, such a 1D
approximation is used to model particle cascades in the regolith. Note that while the lateral dimensions should interact
only weakly with surface roughness effects, this is yet to be explicitly tested. Of particular importance is the offset of
the cascade from the initial interaction point (for cosmic rays, the lunar surface). This should be a marked improvement
on previous estimates using a 3 m ‘boxcar’ profile [12], although an improved model, based on the more recent results
of Alvarez-Muñiz et al. [20], should be developed (e.g. the scaling obviously produces an offset which is too great).
In order to characterise hadronic cascades from the regolith, profiles of the e+ + e− longitudinal distribution
generated by a full simulations in ice at 100 PeV [21] were parameterised with a small number (43) of tracks of
equivalent charge Q ∝ N(e+ + e−). In order to scale these results for e+ + e− in ice to excess e− for 100 EeV
cascades in the regolith, both the shower length and charge magnitude were scaled to produce agreement with the
parameterisations used in simulations [7]. The resulting excess-charge distribution is also given in Fig. 1(left), while
in Fig. 1 (right), the radiation calculation of Zas et al. [13] is applied to this distribution, with the resulting angular
spectra being compared to the parameterisations of Alvarez-Muñiz and Zas [21] as scaled to regolith according to
James and Protheroe [7]. Note that using a smoother profile reduces the radiation sidelobes, allowing a better study of
the degree of accuracy of the calculation.
3. TESTING
Before proceeding to full rough-surface calculations, the accuracy of the calculation is tested against the only an-
alytically tractable problem, which is one of no transmission at all. This can readily be modelled in the numerical
calculation by setting the regolith absorption length to infinity, and the outgoing ‘vacuum’ refractive index to that of
the regolith (1.73). The limit of such a test is the finite size of the ‘transmitting’ surface, since in order to calculate the
field over all outgoing angles, an infinite surface would be required.
In order to reduce the possible parameter space for testing, only one geometry was chosen: cascades were placed
horizontally 1 m below the surface. The entire surface is made of 1448× 1448 pieces, each 1 cm2. Since the total
surface size (∼ 14× 14 m2) is not much larger than the dimensions of the track profile of Fig. 1(left), calculations
were restricted to outgoing angles θ between 30◦ and 70◦. The results were analysed only in the plane of the shower
axis and the bulk surface normal at a frequency of 1 GHz, with results shown in Fig. 2. Each numerical point is the
sum of at least 90 million applications of the track-facet transmission calculations outlined in the Introduction.
From Fig. 2, two results are worth highlighting. Firstly, for this geometry, the track size is the variable most limiting
accuracy, with results still not converged after 10 divisions (43×10 track segments), whereas increasing the number of
facet divisions produced no change. This is not unexpected, since at 10 track and 12 facet divisions, the dimensions of
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FIGURE 2. (left) Theoretical and numerical calculation of the 1 GHz emission from the lunar particle tracks in Fig. 1 in the case
of no refraction; (right) absolute values of the errors with respect to the theory. Label ‘txsy’ indicates that each of the 43 tracks were
divided x times, and each of the 14482 facets were divided y2 times.
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FIGURE 3. Examples of numerical ‘rough’ and theoretical ‘flat’ calculations of transmitted field strength in the vertical polari-
sation, Ez, at 1 GHz and 100 MHz for a single sample surface 100 MHz, for a 100 EeV cosmic ray incident at θCR = 10◦ (left) and
30◦ (right). Also shown for reference is θCR = 0◦ at 1 GHz.
each are approximately equal (∼ 1 cm). Secondly, it appears that the absolute accuracy stays approximately constant
over three orders of magnitude in theoretical expectation. This is the characteristic accuracy which might be expected
for the result presented in Sec. 4, although further numerical studies should be performed in order to improve this.
A final note worth mentioning: García-Fernández et al. [18] note that in the very near field, the methods of Zas
et al. [13] break down even for infinitely small track sub-divisions. In such a case, a more detailed calculation might
be required of the fields incident upon the surface — this is left to a future work.
4. RESULTS
To estimate the radiation from cosmic-ray cascades in the Moon, the zero-point of the cascade was placed at a random
point on an artificial surface, with the cascade pointing downwards at a range of angles. Here, results for only one
surface, and angles of θCR = 10◦ and 30◦, are shown. This placed the excess charge maximum at an average depth of
85 cm and 2.5 m respectively.
Results for the vertically polarised electric field strength Ez at 100 MHz and 1 GHz for the numerical rough-surface
calculation are compared to their analytic equivalents in the case of a flat surface in Fig. 3. Note that the ‘rough’ case
also includes large-scale effects which are not (but could be) included in the analytic calculation. Instead, the case for
θCR = 0◦, which is the most optimistic case possible, is also plotted for reference purposes.
In the particular case shown, the transmitted field strength at 100 MHz is reduced compared to the flat-surface case,
while the emission at 1 GHz, which would normally be totally internally reflected, is much higher. No interference
patterns are evident at 100 MHz due to small-scale roughness, while the interference patterns at 1 GHz are no more
pronounced than those in the flat-surface case. The most important effect seems to be that the decoherence effects
which reduce the radiated intensity over the longitudinal cascade dimension are ‘smeared out’ by surface roughness,
allowing significant high-frequency emission at greater angles from the surface. Compared to the analytic flat-surface
case with grazing (0◦CR) incidence, it appears as if the excess power near θ = 0
◦ (i.e. the refracted Cherenkov angle) is
scattered to larger outgoing angles.
This should not be taken to be indicative of the usual behaviour, but simply an example of small-scale surface
roughness effects. What is important however is that significant emission escapes the surface over the entire frequency
range, and that the GHz emission can in fact be stronger than at 100 MHz, where analytic estimates would suggest
much weaker emission.
5. CONCLUSIONS
It is now possible to model the effects of surface roughness on lunar cosmic ray detection, although some small
uncertainty remains concerning the applicability of the ZHS formula for such near-surface problems. The optimum
numerical settings are not yet fully worked out, although track pieces of comparable size to the surface facets appear to
produce optimal results. With both at 1 cm, an accuracy of better than 1% of the peak amplitude appears achievable, and
improvements are expected in the future. The preliminary results presented indicate that small-scale surface roughness
produces more significant emission at larger outgoing angles than in the case from flat-surface calculations, particularly
at higher frequencies, which has implications both for the optimum choice of frequency range, and for the beam-
pointing positions of experiments. Further, more comprehensive (and computationally intensive) work is needed to
determine the effect on the effective experimental aperture to ultra-high-energy cosmic rays.
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